Biologically active peptide hormones are synthesized from larger precursor proteins by a variety of posttranslational processing reactions. Endoproteolytic cleavage at the Lys74-Lys75 dibasic processing site of progastrin is the major determinant for the relative distribution of gastrin heptadecapeptide and tetratriacontapeptide in tissues. Thus, we explored the ability of two prohormone convertases, PC1/PC3 and PC2, to cleave this important site within progastrin. We expressed wild-type human gastrin cDNA and mutant cDNAs in which the Lys74Lys75 site was changed to Lys74Arg75, Arg74Arg75, and Arg74Lys75 residues in AtT-20 cells. Because AtT-20 cells express Pc1/PC3 but not PC2, we also coexpressed a cDNA encoding PC2 in both wild-type and mutant gastrin-producing AtT-20 cells. Wild-type Lys74Lys75 and mutant Arg74Arg75 progastrin processing sites were efficiently cleaved in AtT-20 cells only after coexpression of PC2. Mutant Lys74Arg75 progastrin was readily processed in cells in the presence or absence of PC2 coexpression, but, in contrast, mutant Arg74Lys75 progastrin was inefficiently cleaved regardless of PC2 coexpression. Northern analysis revealed the presence of PC2 but not PC1/ PC3 in canine antral gastrin-producing G cells. These data suggest that PC2 but not PC1/PC3 is responsible for the cleavage of the Lys74Lys75 site in wild-type progastrin. 
Introduction
Peptide hormones such as progastrnn are synthesized from precursor prohormones by a series of posttranslational processing reactions. Endoproteolytic cleavage of these precursor molecules is performed by compartmentalized intracellular proteases that generate smaller biologically active peptides ( 1, 2) . Prohor- 1 . Abbreviations used in this paper: FPIC, fast protein liquid chromatography; G17, gastrin heptadecapeptide; G34, gastrin tetratriacontapeptide; PC, prohormone convertase; POMC, proopiomelanocortin. mone convertases (PCs)' related to the yeast-processing enzyme, kex2, cleave prohormones at dibasic amino acid residues. Two mammalian PCs, PC2 and PCI /PC3, have been characterized and represent the LysArg type-2 (PC2) and ArgArg type-1 (PC1/PC3) Ca2+-dependent proinsulin cleavage enzymes (3) (4) (5) (6) (7) (8) (9) . The selectivity of these enzymes for various prohormone substrates has been studied because endoproteolysis is usually required for peptide bioactivation but has not been clearly defined. In the case of gastrin, the synthesis of gastrin tetratriacontapeptide (G34) involves initial endoproteolytic cleavage at the Arg'7Arg58 and Arg94Arg95 dibasic processing sites within progastrin ( Fig. 1 ; reference 10). The carboxyterminal Arg'Arg95 residues are then removed by carboxypeptidase H to reveal a glycine-extended precursor, G-Gly, that serves as a substrate for the amidation reaction. Complete posttranslational processing with carboxy-amidation of gastrin heptadecapeptide (G17) and G34 is required for binding to gastrin/ CCKs receptors and subsequent biological activity. Indeed, gastrins with either Gly or GlyArgArg carboxy-terminal extensions are at least four orders of magnitude less potent than amidated gastrin in stimulating gastric acid secretion ( 11, 12) . Recently, however, we demonstrated that physiologic concentrations of G17-Gly act as a growth factor through action at a receptor distinct from the standard gastrin/CCKs receptor (13) .
The Lys74Lys7s site of progastrin serves as an attractive model to study processing reactions, because cleavage at this site is responsible for the tissue-specific nature of progastrin processing. For example, G34 predominates in tissue extracts of duodenum and pituitary, whereas G17 is the major form found in the antrum (14) (15) (16) . Moreover, although amidated G34 and G17 are equally potent and efficacious at stimulating gastrin acid secretion (17) , cleavage of the Lys74Lys7s processing site is important because G34 has a longer plasma halflife than does G17 (18) . To underscore the biological importance of processing at this site, we noted that G34-Gly does not inhibit binding of radiolabelled [125I]G(2 17)-Gly to the G-Gly receptor (unpublished observation) in concentrations as high as 10-6 M. Therefore, an understanding of the mechanisms of processing at Lys74Lys7s is relevant to the biology of both amidated and glycine-extended gastrins.
In vitro studies involving the expression PC1/PC3 in fibroblasts, followed by an examination of its substrate specificity with small tripeptide substrates, have provided results that conflict with those obtained in cellular expression studies (7) (8) (9) 19 AtT-20 endocrine cells were selected for our studies on the basis of some of their known properties. AtT-20 cells are derived from a rat pituitary tumor and express proopiomelanocortin (POMC) gene products. Previous transfection studies have shown that AtT-20 cells process progastrin (25) , proneuropeptide Y (26), and prosomatostatin (27) and thus appear to contain enzymatic activities necessary for dibasic cleavages and carboxy-terminal amidation. More detailed analysis has revealed that they express PC3 but little, if any, PC2 (5). AtT-20 cells were grown in DME with 10% horse serum and 5% FCS. For infection, gastrin-pLJ viral stock was prepared as noted previously, filtered with a 0.22-Ism filter, and added to 30-50% confluent target endocrine cells in the presence of 8 pg/ml Polybrene (Aldrich Chemical Co., Milwaukee, WI) for 4 h. The infected cells were grown in complete media at 370C for 48 h, selected in G418 (1 mg/ml) containing media for 2 wk, and then grown in larger numbers in complete media without neomycin. Cell extracts and media were collected and analyzed for gastrin expression and processing intermediates. Population of cells (> 200 clones/ mutant) rather than individual clones were chosen for study to minimize the differences in the posttranslational processing of progastrins that might be observed in single clones with varying levels of gastrin cDNA expression.
To confirm that the infected endocrine cell lines contained the exact mutant that we had transfected into the packaging cells, we determined the nucleotide sequence of gastrin DNA integrated into the target cell genome. DNA was prepared from confluent AtT-20 cells expressing specific gastrin mutants by standard techniques (28) . Using oligonucleotides complementary to each end of the inserted human gastrin cDNA, we amplified the entire coding region of the integrated mutant gastrin by PCR (29). The appropriate 400-bp band was obtained on gel electrophoresis. The oligonucleotide primers contained internal EcoRI and BamHI restriction sites, which were used to cut the PCR product and subclone it into M13 for sequencing (21) .
Expression of PC2 in gastrin-producing AtT-20 cells. We utilized a second retroviral vector pBamHis (kind gift of R. Mulligan, MIT, Boston, MA) (30) to coexpress the cDNA encoding PC2 with wildtype and mutant gastrin DNAs in AtT-20 cells. This vector contains all of the elements of the pLJ vector used for gastrin expression except that the neomycin resistance gene is replaced by a histidinol resistance sequence. This gene provides for the conversion of the cellular toxin histidinol to histidine and thus allows for another method of selecting transformed cells. PC2 cDNA (kind gift of S. Smeekens, University of Chicago, Chicago, IL) (3) was cut from the plasmid pBluescript (-) and digested with BamHI and SalI, purified on a 1% low melting point agarose gel, and ligated in the sense orientation into pBamHis with T4 DNA ligase for 6 h 15°C. As in the manner of the pLJ-gastrin constructs described previously, the pBamHis-PC2 construct was transfected into qf-CRE cells by calcium phosphate coprecipitation, and transfected cells were selected by incubating the cultures in media containing 2 mM histidinol. An aliquot (1-2 ml) of the viral-containing medium from qi-CRE cells was added to AtT-20 cells that had already been selected for gastrin expression, and histidinol-resistant cells were grown in larger numbers for further study.
RNA analysis. We examined the various transfected cell lines and tissues for expression of PCI /PC3 and PC2 via Northern hybridization. Total RNA was prepared from each cell line by Chomczynski's acid/ phenol method (31) and from partially purified canine antral endocrine cells as previously described (32) h. After air drying, the filters were exposed to radiographic film at -700C. Analysis of gastrin products. Cells were trypsinized, dispersed by pipetting, and counted in a counter (Coulter Immunology, Hialeah, FL). Gastrin-expressing cells were then extracted in boiling water, centrifuged, and stored at -20°C prior to RIA. Extracts were assayed for amidated gastrin using previously described methods (25, 33) with antibody 5135 (kind gift of G. Rosenquist, UCLA, Los Angeles, CA), which recognizes both sulfated and unsulfated forms of carboxy-terminal-amidated gastrin G17 and G34. The molecular forms of gastrin produced in each cell line were determined by gel filtration and fast protein liquid chromatography (FPLC). Extracts were applied to Sephadex G-50 superfine columns (1 x 120 cm) in 0.025 M sodium barbital buffer, pH 8.4, for size fractionation. Mono-Q anion-exchange FPLC columns (Pharmacia LKB Biotechnology, Piscataway, NJ) were used to characterize further the gastrin molecular forms. The columns were equilibrated with 50 mM Tris, pH 8.2, 10% acetonitrile; samples were eluted with a gradient of the same buffer containing 1 M NaCl. Calibration of both columns was performed as previously described (21, 33) . Recovery of synthetic peptides from both gel filtration and ion-exchange columns was greater than 85%.
To confirm that the expressed gastrin products were sorted to the regulated pathway of secretion, cells were grown to 75% confluence, washed twice in serum-free media, preincubated with serum-free media for 24 h, and then stimulated with 1.0 mM dibutyrl cAMP for an additional 24 h. Media were then analyzed for the secretion of gastrin by RIA.
Results
In total, we obtained eight gastrin-producing cell lines, including those expressing wild-type (Lys74Lys75) and mutant Arg74-Arg75, Lys 74Arg75, and Arg74Lys75 progastrins with or without coexpression of PC2. As shown in Table I , all eight gastrinproducing cell lines produced substantial quantities of amidated gastrin in both media and cell extracts. We established by DNA sequencing that the specific mutant gastrins had not undergone any changes during the retroviral integration process or following coinfection with the pBamHis/PC2 DNA. The correct complete nucleotide sequence was confirmed for each of the amplified DNAs in all eight cell lines. The amount of gastrin present in cells expressing PC2 was similar to that of cells that did not express PC2 ( Fraction Number resulted in a reversal of the G17:G34 ratio site from 1:4 to 4:1 (Figs. 4 and 5) . Thus, the presence of PC2 converted the predominately G34-producing cell lines into ones that produced predominately G17. In contrast to the AtT-20 cells expressing wild-type Lys74-Lys75 and mutant Arg74Arg75 progastrins, the primary form of gastrin in mutant Lys74Arg75 progastrin-producing cells was G17, with G17:G34 ratio of 2:1 (Fig. 7) . Coexpression of PC2 cDNA in this cell line resulted in slightly greater concentrations of G17 relative to G34 with a G17:G34 ratio of 4:1 (Figs. 6  and 7) . In contrast to the other cell lines, AtT-20 cells expressing mutant Arg74Lys75 progastrin produced primarily G34 both with and without PC2 coexpression (Fig. 8) .
FPLC ion-exchange chromatography allowed us to examine the relative amounts of sulfated and nonsulfated amidated gaslines that had not been infected with pBamHis-PC2; however, all four cell lines that were coinfected with the pBamHis-PC2 demonstrated PC2 expression (Fig. 3) . Coinfection with pBamHis-PC2 did not appear to alter the expression of PC3 in any of the four gastrin-producing cell lines. Expression of a control pBamHis vector without an insert did not alter gastrin or PC3 RNA expression or amidated gastrin peptide production (data not shown).
G34 was the predominant molecular form of gastrin in AtT-20 cells expressing wild-type Lys74Lys75 (Fig. 4) and mutant Arg74Arg7" (Fig. 5) progastrins with a G17:G34 ratio of 1:4 (Fig. 6) . Coexpression of PC2 cDNA in these two cell lines trins present in cell extracts. The ratio of sulfated-to-nonsulfated gastrins did not vary in any of the eight cell lines (data not shown). Furthermore, there was no difference in the relative amounts of sulfated and nonsulfated forms of G17 and G34. To explore the relevance of our findings to progastrin processing in antral G-cells, we tested for the expression of PCI/ PC3 and PC2 in an enriched population of canine antral Gcells (32) . As shown in Fig. 9 (34) , the exact nature of the enzymes responsible for dibasic cleavage of prohormones in vivo has been difficult to ascertain (35) . Two prohormone convertases (PCI /PC3 and PC2) which are expressed only in neuroendocrine tissues have been identified and appear to be responsible for the tissue-specific pattern of prohormone dibasic cleavage reactions (1, 2) .
In vitro studies involving the expression of the prohormone convertases in fibroblasts, followed by an examination of their substrate specificities using small tripeptide substrates, have provided results frequently at odds with experiments utilizing full-length prohormone substrates in cellular expression systems (3-9, 19, 35) . Accordingly, we conducted our studies in a neuroendocrine cell line, AtT-20, with a well-characterized processing apparatus. We have previously demonstrated the utility of this cell line for examining the posttranslational processing of progastrin (25) . Because AtT-20 cells express PCl/PC3 but not PC2 (5), this cell line is a particularly well-suited model for examining the processing of wild-type and mutant progastrins by PC1/PC3. By subsequently transforming these cells to express PC2, we can also characterize the effect of PC2 on progastrin processing.
Naturally occurring LysLys processing sites are uncommon, and thus we were not surprised that in cells expressing wildtype Lys74Lys7" progastrin, the predominant molecular form of processed gastrin was G34, suggesting poor cleavage of this site by PC1/PC3. This observation is consistent with the reported inefficient cleavage of a LysLys site in P-endorphin (36, 37) as well as in mutated forms of proneuropeptide Y (38) prorenin (39, 40) in AtT-20 cells. In vitro experiments using small tripeptide substrates also suggest that LysLys sites are inefficiently cleaved by PCI/PC3 (41), although one study reported that PCI/PC3 cleaves proenkephalin at a LysLys site (42) . Coexpression of PC2 in the wild-type gastrin-producing cells resulted in enhanced cleavage of the Lys74Lys7" site with consequent enhanced production of G17 relative to G34. This result is compatible with our previous studies (21) showing that G17 is the predominant molecular form of gastrin produced in pLJ-gastrin-infected GH3 cells (which express PC2 but not PCI/PC3), as well as the work of others demonstrating that PC2 cleaves a LysLys site in proopiomelanocortin (POMC) (36, 37) .
Unlike LysLys processing sites, LysArg sites are quite common and are often cleaved by PCI /PC3, PC2, or both enzymes (36, 38, 39, (41) (42) (43) . Thus, our finding that Lys74Arg75-mutated progastrin was cleaved in PCI/PC3-containing AtT-20 cells (G17:G34 = 2:1) and enhanced with PC2 coexpression (G17:G34 = 4:1) is consistent with the promiscuous nature of LysArg-processing sites for PCI/PC3 and PC2.
Processing (36) . These observations illustrate further that the amino acids in the proximity of the dibasic residues are crucial in determining the catalytic activity of PC / PC3 and PC2 at ArgLys sites.
Our studies and those of others suggest that PCI/PC3 and PC2 catalyze the cleavage of LysArg dibasic pairs in a variety of peptide hormone precursors but do not consistently cleave LysLys or ArgArg sites efficiently. Processing at these latter sites by the PCs appears to require a specific secondary structure or sequence of proximate amino acids for full efficacy (46) . For PC1 /PC3 or PC2 to function as ArgLys cleavage enzymes, there may be a requirement for a well-defined secondary structure similar to that seen in prosomatostatin and POMC. It is also possible that ArgLys sites are the preferred substrates for a distinct prohormone convertase yet to be characterized. Our studies clearly indicate that elucidation of requirements for efficient prohormone cleavage by PCs requires the use of fulllength substrates.
The use of ion-exchange FPLC allowed us to examine the sulfation of gastrin at Tyr87.-Although Tyr87 sulfation does not alter the biological activity of amidated gastrin (47) , the relative amounts of sulfated and nonsulfated gastrins vary in some disease states (48) and during development (49) . Mutation at Lys74Lys75 had profound effects on endoproteolysis but did not alter Tyr87 sulfation, suggesting that these two events are independent posttranslational processing reactions. This is consistent with the distinct intracellular sites for Tyr87 sulfation (in the Golgi prior to the trans-Golgi network) and endoproteolysis at dibasic residues (secretory granule) (10, 50) .
Our data in AtT-20 cells suggest that PC2 but not PC1I PC3 is responsible for the cleavage of the Lys 74Lys75 site in progastrin and the tissue-specific generation of G17. The physiologic implications of these findings are supported by our observations and those of others (51 ) that PC2 is expressed in antral G-cells. Thus, PC2 is a likely candidate to be the progastrin Lys74Lys75 cleaving enzyme in vivo.
